which aid in their ability to inhabit diverse environments, both terrestrial and aquatic. These traits include N 2 fixation (Gallon, 1992) , phosphorus storing and essential trace metal sequestration (Whitton, 2012) . However, these traits also allow cyanobacteria to exploit environments subjected to anthropogenic modifications, specifically nutrient overenrichment and hydrological alterations, with examples currently reported from all over the globe (Gobler et al., 2007; Davis et al., 2012; Paerl and Otten, 2013) .
The frequency, extent and severity of cyanobacterial blooms are increasing world-wide Huisman, 2008, 2009 ) and have the potential to negatively affect water quality and human health (WHO, 1999) . Even though cyanobacterial blooms predate human settlement (McGowan et al., 1999) , their increase is alarming since extreme climate events (e.g. droughts, storms and heatwaves) are predicted to continue and intensify because of climate change world-wide (IPCC, 2007) . Africa is particularly vulnerable to cyanobacterial blooms due to its historical predisposition and lag in social economic development with 53 reported cases of cyanobacterial blooms on the whole continent since the year 2000 (Ndlela et al., 2016) . Reports of cyanobacterial blooms in estuarine systems globally have also been prevalent in recent years. Prominent blooms were reported for the Curonian Lagoon, a freshwater estuary between Lithuania and Russia (Petkuviene et al., 2016) , the Río de la Plata, a shallow temperate estuary in Brazil (Sathicq et al., 2014) and the San Francisco Estuary in the United States (Lehman et al., 2015) . Cyanobacterial blooms are influenced by key abiotic (e.g. water chemistry and physical processes) and biotic factors, such as bacterial interactions, viral lysis and zooplankton grazing (Sellner, 1997; Soares et al., 2009; Paerl and Otten, 2013) . Favourable bottom-up factors (e.g. temperature and nutrients) may facilitate cyanobacterial dominance and possibly lead to high-density blooms if the founder population is capable of suppressing (e.g. mechanical interference and assimilation) its main predators and competitors (Ferrao et al., 2008; Soares et al., 2009; Sarnelle et al., 2010; van Wichelen et al., 2012) . For example, Bakun and Broad (Bakun and Broad, 2003) proposed that disruptive environmental perturbations can result in "loopholes" in the field of biological control organisms (i.e. grazers) that lead to remarkable recruitment success. Perturbations (physical-abiotic factors such as light, salinity and nutrients) may allow certain phytoplankton species to escape predation pressure to some degree, and form dense blooms (Irigoien et al., 2005) . However, determining the influence of zooplankton grazers on cyanobacterial blooms is a difficult task (Sellner et al., 1993; Gosselain et al., 1998; Paerl and Otten, 2013) . Evidence indicates that grazing can both influence some blooms (Elser, 1999) or exhibit no influence at all on other blooms (Fulton and Paerl, 1987a, b) , although the evidence presented is specific to the study conditions. Even though zooplankton grazers are unable to control exponential bloom growth, they may be able to restrict bloom expansion to some degree (Gliwicz, 1990) . In addition to limiting nutrient inputs as a mitigation strategy (Paerl and Paul, 2011) , maintaining environmental conditions where diverse trophic communities exist is advantageous. The presence of numerous zooplankton taxa that graze on cyanobacteria may considerably assist in preventing and/ or minimizing the proliferation of their blooms.
The St Lucia estuarine lake (iSimangaliso Wetland Park, South Africa), Africa's largest estuarine lake, is regarded as the most ecologically important system on the south-east coast of southern Africa and has both Ramsar and World Heritage status (Cyrus and Vivier, 2006 ). An unusual Cyanothece sp. bloom persisted for 18 months in the St Lucia system between June 2009 and December 2010 (Muir and Perissinotto, 2011) . This was caused by local drought conditions that facilitated the increase in salinity within the system to extreme levels, with drastic ecological consequences (Muir and Perissinotto, 2011) . During the development of this bloom, the typical estuarine community of the system shifted to a halotolerant one, which survived up to a salinity of 120 and was eventually replaced by a virtually monospecific growth of Cyanothece sp. at higher salinities (Carrasco and Perissinotto, 2012) . St Lucia is characterized by key zooplankton species (Mesopodopsis africana, Pseudodiaptomus stuhlmanni and Acartiella natalensis) that play a vital role in linking primary and/or secondary production with higher trophic levels (Carrasco and Perissinotto, 2011; Govender et al., 2011; Peer et al., 2013) . Pseudodiaptomus stuhlmanni and A. natalensis occur at high abundances and dominate the zooplankton assemblage within the system (Carrasco et al., 2010; Carrasco and Perissinotto, 2011 ) and may therefore be major contributors to the zooplankton grazing potential in St Lucia.
Previous studies do suggest that there is a high potential for zooplankton grazers to directly and indirectly influence aspects of cyanobacterial bloom development, timing, composition and the potential magnitude of blooms (Hygum et al., 1997; Landry and Calbet, 2004; Gobler et al., 2007; Demir et al., 2008; Davis et al., 2012) . However, with most of this research emanating from studies on freshwater systems, zooplankton-cyanobacteria dynamics, particularly in terms of N-fixer cyanobacterial blooms in estuarine systems, require further investigation (Chan et al., 2006; Boyer et al., 2011; Paerl et al., 2016) . Identifying the key factors and the conditions under which they occur in these systems may be beneficial in setting up management plans to mitigate cyanobacterial blooms better, especially as N-fixer blooms are now occurring in systems with active nutrientlimit management (Paerl et al., 2016) . This study, therefore aimed to: (i) observe the mesozooplankton community structure over a period of increasing salinity within St Lucia; (ii) investigate whether this mesozooplankton community could graze on the persistent bloom-forming Cyanothece sp.; and (iii) what role it possibly played in the bloom dynamics of Cyanothece sp.
M E T H O D

Monitoring of physico-chemical water parameters
Quarterly surveys were undertaken at Lister's Point (27°58′ 19.8″ S, 32°22′ 56.4″ E, South Africa) (Fig. 1 ) were determined from sub-surface water samples collected during survey trips at the surface of the water column. Pore-water samples for the measurement of DIN and DIP were collected following the method described by Anandraj et al. (Anandraj et al., 2008) . All nutrient samples were filtered through Whatman GF/F filters, placed in 500 mL acid pre-washed polyethylene bottles and frozen until analyses could be conducted. Analyses were done by the Durban branch of the Council for Scientific and Industrial Research utilizing an Autoanalyzer III system using standard methods.
Microalgal community structure
The relative algal biomass (total chlorophyll in mg chl a m −3 ) and percentage composition (i.e. % relative abundance) for both the phytoplankton and microphytobenthos (total chlorophyll in mg chl a m −2 ) were determined with a bbe Moldaenke FluoroProbe (Germany). Four main algal classes were analysed (chlorophytes, bacillariophytes, cyanophytes and cryptophytes) with the probe by measuring the excitation of pigments at wavelengths of 470, 525, 570, 590 and 610 nm (bbe Moldaenke Manual, 2009; Catherine et al., 2012) . Percentage composition of algal classes was estimated both in the water-column and at the sediment surface using a dual bentho-pelagic switch system (i.e. pelagic and benthic modes). Three independent in situ benthic and pelagic measurements were made per sampling event.
Zooplankton community structure
Zooplankton were collected for community structure monitoring with an epibenthic D-shaped zooplankton sled (two 30 m tows with 100 μm mesh size) in the nearshore waters at Lister's Point (Carrasco et al., 2010) . Many zooplankton taxa within the system undergo diel vertical migration. This method is therefore able to sample both supra-benthic and pelagic zooplankton taxa that are present at the sampling location, due to the shallow water levels (average depth of 0.5 m). The volume of water filtered was calculated by multiplying the area of the mouth opening by the distance towed. Samples collected in the cod end were emptied into 500 mL polyethylene bottles and fixed with phloxinestained formaldehyde (4 v/v%). In the laboratory, Miranda et al., 2010.) samples were suspended in 0.5-5 L solutions, depending on the density of organisms. Three subsamples (20 mL) were withdrawn and zooplankton within the samples were identified and counted with the use of a dissecting microscope (×40) (Carrasco et al., 2010) .
Zooplankton grazing experiments
The grazing experiments were performed in an ad-hoc laboratory next to the sampling station on two occasions, during the two extreme seasons occurring in the St Lucia area, namely February 2015 (wet season) and July 2015 (dry season), at Lister's Point. Laboratory cultures of Cyanothece sp. were used as the target organism for the zooplankton to graze upon. These cultures were isolated from field samples collected during the bloom at Lister's Point and maintained with ASN-III media as described by du Plooy et al. (du Plooy et al., 2015) . All the cultures were kept in a growth chamber with the temperature maintained at 25°C and light intensity at 150 μmol m
with a day/night cycle of 12 h. A culture maintained at a salinity of 60 was used for all grazing experiments. During each grazing experiment, zooplankton were collected with the sled, mounted as described above. The zooplankton was separated into two size classes (>1000 and 1000-200) by filtration onto different mesh sizes (1000 and 200) and suspended in 100 mL filtered (0.7 μm GF/F) estuarine water (see Table I for physicochemical parameters) contained in plastic bottles. However, there were not enough large zooplankton (>1000 μm) present during either season to determine grazing impacts for this size class.
For each zooplankton size class treatment, triplicate 100 mL bottles were filled with 40 mL filtered estuarine water and 5 mL of Cyanothece sp. stock culture. The experiments were initiated by adding the zooplankton (5 mL sample) from the respective size classes to the filtered estuarine water, with a total grazing period of 4 h in the dark. Control treatments were inoculated with 5 mL of filtered estuarine water instead of the zooplankton solution. Samples for cell counts (as described below) were collected at the following time intervals: 0 h (start), 1 h, 2 h and 4 h. At the start of each experiment, samples of zooplankton from each size class were collected (10 mL), fixed with 5% formalin, identified and quantified accordingly (Carrasco et al., 2010) . Additionally, samples of 1 mL were taken and fixed with Lugol's iodine for Cyanothece sp. cell counts according to the methods of Guillard and Sieracki (Guillard and Sieracki, 2005) . The ingestion and grazing rates were calculated following the methods of Frost (Frost, 1972) and McClatchie and Lewis (McClatchie and Lewis, 1986) .
Statistical analyses
One-way ANOVA with Tukey HSD analyses was conducted using SPSS v21 on the microalgal community composition, zooplankton abundance and the grazing experiments datasets, with the assumptions of normal distribution of the residuals (P > 0.05) and equal variance of the residuals (P > 0.05) satisfied in all datasets. To assess the zooplankton community structure, multivariate analysis was conducted on the zooplankton abundance data using the PRIMER package (version 6.1.13). A Bray-Curtis similarity matrix was calculated from the months sampled during the study period. Cluster analysis (group averaged) was then used to visually assess the temporal differences in zooplankton assemblages. All data were square-root transformed and Euclidean distances were used.
R E S U L T S Microalgal community structure
Collectively, surface water phytoplankton biomass (as chl a) (Fig. 3a) in February was 7.72 ± 2.51 SE mg m and was dominated by bacillariophytes and chlorophytes which accounted for 74.0 and 21.8% of the total biomass, respectively. In July, the total phytoplankton biomass decreased to 3.62 ± 0.77 SE mg m −3
, with cryptophytes (47.0%) and chlorophytes (36.5%) being the dominant algal groups. The highest phytoplankton biomass was observed in November (13.26 ± 0.052 SE mg m −3 ), with chlorophytes making up 89.4% of the total biomass. One-Way ANOVA showed that there were significant temporal differences (F = 10.191, P = 0.012) in the total phytoplankton biomass between the months sampled. The biomass of the algal groups also differed significantly (P < 0.05), with only the cryptophyte biomass remaining similar over the entire sampling period (F = 1.89, P = 0.230). Microphytobenthic biomass (Fig. 3b) , however, was highest in February (62.43 ± 11.60 SE mg m −2 ) with bacillariophytes (61.29%) and cyanophytes (38.71%) being the dominant algal groups at the time. In July, the benthic biomass dropped to 5.47 ± 3.03 SE mg m −2 and shifted towards chlorophytes (65.24%) and bacillariophytes (20.73%) dominance. After this, the benthic biomass further dropped to 0.67 ± 0.27 SE mg m −2 with chlorophytes (60%) and bacillariophytes (25%) still the dominant algal groups. This drop in benthic algal biomass corresponded with an observed increase in surface water phytoplankton biomass. Total benthic biomass differed significantly between the months sampled (one-way ANOVA: F = 24.605, P = 0.001). The biomass of both the cyanophytes and bacillariophytes was significantly different between the months sampled (one-way ANOVA: P < 0.05), while the biomass of chlorophytes remained similar (one-way ANOVA: F = 1.389, P = 0.319).
Zooplankton community structure
Collectively, zooplankton abundance changed over the sampling period (one-way ANOVA: F = 5.123, P < 0.05). The highest zooplankton abundance was observed in February 2015 (69 733 ± 21695 SE ind m −3 ), progressively decreasing to the lowest abundance of 471 ± 161 SE ind m −3 in November. The progressive decrease in the total abundance of zooplankton during 2015 (Table II) corresponded with the systematic increase in salinity (one-way ANOVA, F = 5.123, P < 0.05) ( Table I ) that was observed as the regional drought intensified in the area. However, Tukey HSD analysis indicated that the zooplankton abundance only differed significantly between February and all the other sampling occasions (P < 0.05). Zooplankton abundance did not differ significantly between the months of May, July and November 2015, but the number of zooplankton taxa observed sharply dropped in November, as salinity increased above 100 (Tables I and II) . In fact, most zooplankton taxa disappeared from Lister's Point as the salinity increased above 100, with hydroids and Fabrea salina appearing suddenly at these higher salinities. However, cluster analysis showed that apart from the distinct zooplankton community observed in November (dominated by: F. salina with 75.6%, hydroids with 8.5% and gastropod larvae with 8.5%), the communities did not form distinct groups in February, May and July (Fig. 2) , indicating a mixed community composition during the transition from low to high salinity. The mixed community was dominated by Oithona brevicornis (57.6%), polychaete larvae (14.8%) and copepod nauplii (10.4%) in February and by O. brevicornis (40%), polychaete larvae (34.1%) and P. stuhlmanni (12.7%) in May, while O. brevicornis (60.1%), P. stuhlmanni (18.8%) and nematodes (4.9%) were dominant in July. The only zooplankton taxa present throughout the observed increase in salinity of~30-110 from February to November were O. brevicornis and polychaete larvae.
Zooplankton grazing experiments
The ), while significantly lower rates were observed in July (0.18 ± 0.045 SE d
−1
).
D I S C U S S I O N
Results of this study show that the zooplankton community was affected by physical perturbations (specifically salinity) and shifted to a halotolerant community (Fig. 2) , but at significantly reduced total zooplankton abundances (Tables I and II) . This was previously observed in the system prior to the Cyanothece sp. bloom (Carrasco et al., 2010; Muir and Perissinotto, 2011; Carrasco and Perissinotto, 2012) . In addition, the observed switch in microalgal biomass from the benthic to pelagic communities (Fig. 3 ) may indicate early signs of favourable conditions for the proliferation of halotolerant phytoplankton taxa. However, high seasonal variability in microalgal biomass does occur in the study area, and particularly in False Bay (Fig. 1) (Tirok and Scharler, 2013) . The key zooplankton species occurring in Lake St Lucia can ingest Cyanothece sp. cells and exert a high grazing impact on its population (Table III) , when this species represents the only food source available (i.e. bloom proliferation). The ingestion and grazing rates reported here compare favourably with those reported in the literature of mesozooplankton feeding on cyanobacteria (Ger et al., 2010; Goleski et al., 2010; Davis and Gobler, 2011; Davis et al., 2012) . The significant reduction in the total zooplankton abundance together with the community shift would result in a major drop in grazing control by zooplankton on potential bloom-forming cyanobacteria such as Cyanothece sp. Thus, zooplankton has the potential to control Cyanothece sp. populations and prevent bloom proliferation in St Lucia under conditions that promote the presence of a diverse and abundant zooplankton community. It is likely that the effects of increased salinity on the disappearance of most zooplankton from the system, and the subsequent loss of grazer control (i.e. a loophole in biological control mechanism, sensu Bakun and Broad, 2003; Irigoien et al., 2005) , was a key factor in the successful bloom establishment by Cyanothece sp. The 18-month long persistence of the bloom, however, can be ascribed to the remarkable ability of this Cyanothece sp. isolate from St Lucia to tolerate extreme and variable salinities and temperature, while still able to maintain important metabolic activities, such as nutrient uptake and N 2 fixation at salinities up to 300 and 120, respectively (du Plooy et al., 2014 (du Plooy et al., , 2015 .
In ecological terms, physical bottom-up factors (specifically salinity and nutrients) virtually eliminated the top-down biological grazing control through a trophic cascade event, resulting in a loophole where Cyanothece sp. cells could escape grazing control and proliferate in conditions favourable for this cyanobacterial isolate. However, more research is required on the potential impact of top-down forces on cyanobacterial blooms (Sarnelle and Wilson, 2005; Tillmanns et al., 2008; Van Wichelen et al., 2010) , especially since few studies have focused on zooplankton-cyanobacteria interactions throughout the entire duration of cyanobacterial blooms (Van Wichelen et al., 2010; Urrutia-Cordero et al., 2015) . This is because effective suppression of grazing pressure on seasonal time scales may be one requisite for the successful invasion of planktonic N-fixers into estuarine blooms (Chan et al., 2006) . Selective grazing on specific phytoplankton by zooplankton is important during early pre-bloom establishment and may have either negative (i.e. direct removal of bloom species) or positive (i.e. direct removal of competitors and/or other grazer species) bloom feedbacks (Fulton and Paerl, 1987a, b; Elser, 1999; Howarth et al., 1999; Wang et al., 2010; Boyer et al., 2011; Paerl and Otten, 2013; Rollwagen-Bollens et al., 2013; Wong et al., 2016; Rose et al., 2017) . The availability of specific nutrients (e.g. N or P), and thus the nutritional value of the cyanobacteria, influence zooplankton selectivity within natural phytoplankton communities (Sommer and Sommer, 2006; Rose et al., 2017) . In addition, the production of extracellular polysaccharides (EPS) by the cyanobacteria, which is high during blooms, could discourage zooplankton grazing (Goleski et al., 2010) . The ability of Cyanothece sp. to fix N 2 (du Plooy et al., 2015) and produce EPS (Muir and Perissinotto, 2011) may have influenced zooplankton selectivity and possibly facilitate a positive feedback loop during early bloom proliferation (Boyer et al., 2011; Rose et al., 2017) . However, given the right environmental conditions, the role of zooplankton grazing in cyanobacterial bloom dynamics should not be underestimated (Goleski et al., 2010; Boyer et al., 2011; Rose et al., 2017) .
The correlation between prolonged periods of mouth closure in temporarily open/closed estuaries and low levels of zooplankton taxonomic diversity have been observed multiple times (Froneman, 2004; Perissinotto et al., 2004; Carrasco et al., 2010) . Furthermore, in the case of St Lucia, prolonged mouth closure coupled with drought and hypersalinity has previously resulted in the decline of the abundance of the zooplankton grazers throughout the estuarine lake (Carrasco et al., 2010; Muir and Perissinotto, 2011; Carrasco and Perissinotto, 2012) . Similar trends are reported in this study and possibly represent early warning signs of conditions that are favourable for the proliferation of diazotrophic bloom-forming cyanobacteria such as Cyanothece sp. The severe loss of productivity, biodiversity and the inability to sustain viable food webs in St Lucia have been attributed to the effects of drought (Govender et al., 2011) , which has affected water-levels and salinity (Pillay and Perissinotto, 2008; Perissinotto et al., 2010; Lawrie and Stretch, 2011; Van der Molen and Perissinotto, 2011) . The occurrence of low water levels and extreme salinities in the St Lucia estuarine system, however, can be mitigated and better managed by ensuring adequate freshwater inputs into the system are maintained. In this case, a full reconnection of the Mfolozi River with the St Lucia system would prevent extreme hypersalinity, even under a drought when the mouth closes, due to the dilution by the Mfolozi inflow. (Lawrie and Stretch, 2011) . Given that climate change is expected to result in an increasing frequency of extreme events, including droughts (Mason et al., 1999; Hewitson et al., 2005) , management of shallow water ecosystems, such as St Lucia, will need to better emphasize and implement practices that will ensure adequate freshwater input for these systems that are vulnerable to droughts. This may prevent the periodical collapse of the zooplankton community and loss of grazing control, thus reducing the possibility of cyanobacteria bloom formation.
C O N C L U S I O N
This is the first investigation into the potential top-down control of a persistent N-fixer bloomer, Cyanothece sp., in Africa's largest estuarine lake. Results from this study, which indicate that zooplankton can play a key role in cyanobacterial bloom formation when environmental conditions promote diverse and abundant zooplankton stocks, are relevant globally. This is because the occurrence of persistent cyanobacterial blooms is on the rise and, together with the effects of global climate change, makes shallow water ecosystems particularly vulnerable globally. The observation of the early warning signs of conditions that occur during the build-up of the persistent bloom may prove beneficial for researchers and conservation managers working in similar systems around the globe. This is a situation that may occur world-wide under similar conditions, and will probably arise again in this region given that drought conditions have now returned.
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